Neutron-induced prompt gamma-ray analysis (PGA) was first introduced in the 1960's 1 as a practical analytical method. Since then, its application as a multi-element analysis tool has expanded into many fields of science and technology. Because the neutron flux used for PGA is much lower than that for conventional instrumental neutron activation analysis (INAA), the residual radioactivity in irradiated samples becomes decreased down to the natural background level after an appropriate cooling interval. Therefore, samples once used in PGA can be reused for other studies after PGA. Nondestructivity and high sensitivity for several elements are additional significant features of PGA. In fact, PGA can nondestructively determine Si in geological and cosmochemical samples, 2 which is often difficult or impossible to determine by INAA. 3 Major element compositions of these rock samples can be determined by a single measurement in PGA. These features suggest that PGA is the most suitable analytical technique for the initial analysis of geochemical and, especially, cosmochemical samples that have a generally severe limitation in the quantity usable for destructive chemical analyses.
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neutrons. Following PGA, instrumental neutron activation analysis (INAA) was performed by using a portion of each sample once used for PGA, and the Na and Mg concentrations were compared between the two methods for lunar meteorites. In INAA, samples (about 35 to 60 mg each) were irradiated for 10 s with a thermal neutron flux of 1.5 ¥ 10 13 cm -2 s -1 in JRR-3M, and their emitted decay gamma-rays were measured for 300 s after 15 min cooling. JB-1 was used as a reference standard for determining the Na and Mg contents in lunar meteorites. The INAA procedure used in this study was essentially the same as that previously reported. 5 
Results and Discussion
Consistency in Na and Mg data by PGA for JB-1 and Allende Na. Sodium values were calculated for JB-1 and Allende in each analytical run by using eight different energies of prompt gamma-rays, ranging from 90.9920 to 6395.478 keV, which had relatively high emission probabilities. Analyses were repeated ten and eleven times for JB-1 and Allende, respectively. The average values and their standard deviations (1s) were calculated, and are summarized in Table 1 . Because no apparent peaks were recognized for prompt gamma rays of 2025.139 and 6395.478 keV for Allende, no positive (meaningful) values could be obtained, whereas all prompt gamma rays yielded positive values of Na for JB-1. This must be mostly due to the fact that a Na content in Allende (0.34 wt%) is much lower than that in JB-1 (2.05 wt%).
In deriving Na values from a prompt gamma-ray spectrum, two technical handlings for data reduction were implemented: decoupling of a 472.202 keV peak from the B (boron) peak, and coupling of two adjacent peaks of Na. Because of the Doppler broadening of the prompt gamma-ray peak emitted by the reaction of 10 B(n,ag) 7 Li at 477.598 keV, the 472.202 keV peak of Na could be overlapped with this B peak if the B content was relatively high. Figure 1 (a) shows a part of the gamma-ray spectrum (in the range from 450 to 500 keV) for JB-1, where the peaks of Na and B are overlapped. Assuming that the B peak is symmetric with respect to the peak center corresponding to 477.598 keV, and that no overlapping with the Na peak occurs in the half side of the B peak in the high-energy range, the net area of the B peak was calculated by doubling the net count of the half peak at the high-energy side. The net area of Na at the 472.202 keV peak was then derived by subtracting the contribution of the whole B peak (calculated above) from the composite peak area contributed by Na and B at around 470 to 480 keV. The second technical handling of data was concerned with the coupling peaks. There are two sets of prompt gammarays of Na with adjacent energies: 869.210 keV (0.1080b) -874.389 keV (0.0760b) and 2752.271 keV (0.0654b) -2754.12 keV (0.530b). The values in parentheses are the neutron-capture cross sections in barn, which are proportional to the emission probabilities of prompt gamma-rays. Because these energies are too close to be split into two single peaks, the Na values were obtained for sets of peaks, represented by 869.210 and 2754.12 keV, respectively, in Table 1 .
As indicated by ratios close to unity for a relative value to a recommended one (Table 1) , Na can be reliably determined for JB-1 by using any prompt gamma-ray, except 2754.13 and 3587.460 keV gamma-rays, for which peaks there must be some spectral interference. Among the remaining six peaks, the 869.210 and 2025.139 keV peaks yielded relatively large relative standard deviations (26 and 70%, respectively). JB-1 contains 9.35 mg/g of B 6 and its contribution to the composite peak at around 470 -480 keV accounts for 58% in counts. Nevertheless, the calculated value of Na for the 472.202 keV peak is consistent with the literature value of Na and accompanied by a small counting uncertainty (8%; 1s).
In contrast to the case for JB-1, Na was poorly determined for Allende, as shown by the large deviation of the relative values from unity in Table 1 . Among six peaks from which positive values for Na were derived, only a peak at 472.202 keV yielded a reasonable value. Figure 1(b) shows the gamma-ray spectrum for Allende with the same energy range as that for Fig. 1(a) . Because the B content in Allende (1.0 ± 0.3 mg/g) is an order of magnitude lower than that in JB-1 (9.35 mg/g), a Na peak at 472.202 keV looks like a single peak, although the B/Na ratios for Allende and JB-1 are similar (2.9 ¥ 10 -4 and 4.6 ¥ 10 -4 , respectively, as content ratios). Besides the Na and B peaks, two Ni peaks can be recognized in Fig. 1(b) , with the higher energy peak being overlapped with the B peak. Because the Ni content in JB-1 (133 mg/g) is about 100-times lower than that in Allende (14.0 mg/g), no peaks of Ni could be detected for JB-1, as shown in Fig. 1(a) . The overlapping of Ni and B peaks makes the reduction procedure for decoupling the Na and B peaks applied to the case for JB-1 unapplicable. With such a low B content, the Na content was practically calculated as regarding a peak at 472.202 keV as a single peak with no consideration of overlapping with the B peak. Thus, it is concluded that the Na content could also be determined by using the 472.202 keV peak for Allende, and that it is safe to view the gamma-ray spectrum of such a sample having low content of Na (like Allende and chondritic meteorites in general) if the Na peak can be recognized as a single peak. Mg. In PGA, the sensitivity of Mg is low compared with those for other major elements, and is much lower than Na, as shown by an order-of-magnitude smaller cross section of Mg than that of Na. The following ten prompt gamma-ray energies (in keV) of Mg were concerned for its quantification by PGA: 389.670, 585.00, 974.66, 1129.575, 1808.668, 2438.54, 2828.172, 3301.41, 3413.10, and 3916.84. In contrast to the case for Na, Allende has a higher content (148 mg/g) of Mg than that for JB-1 (46.5 mg/g). This fact explains that most prompt gamma-rays chosen yielded reasonable values of Mg for Allende, whereas the consistency with a literature value seems to be poor for most prompt gamma-rays for JB-1. Among the ten prompt gammaray peaks, four and five give reasonable data for JB-1 and Allende, respectively, with two peaks at 1129.575 and 2828.172 keV being common. Figure 2 shows the gamma-ray spectra with the range from 2820 to 2840 keV for JB-1 (a) and Allende (b). As shown in Fig. 2(a) , the N peak of 2830.789 keV interfered with the 2828.172 keV Mg peak for JB-1. Although He gas was allowed to flow into the sample box to expel the air, a trace N could always be measured. A more apparent peak can be confirmed at 2828.172 keV for Allende (Fig. 2(b) ). Thus, it is proposed that the peak at 2828.172 keV can be commonly used for the determination of Mg by PGA for rock samples.
Consistency of Na and Mg data for lunar meteorites between PGA and INAA
Five lunar meteorites were analyzed for Na and Mg by PGA and INAA. Lunar meteorites were first analyzed by PGA using lump samples (60 -250 mg). After PGA, lumps were ground in Fig. 1 Gamma-ray spectra for JB-1 (a) and Allende (b). A part of each spectrum for the energy range from 450 to 500 keV is shown. A peak at 472.202 keV was used for the determination of Na. Table 2 . PGA data were derived by using 472.202 and 2828.172 keV prompt gamma-rays for Na and Mg, respectively. The sodium contents were obtained by data reduction for the overlapping B-Na. Because Na and Mg have higher sensitivities in INAA than those in PGA, the Na and Mg contents with small uncertainties were obtained by INAA. Figure 3 shows a comparison of the PGA and INAA results of the Na and Mg concentrations in lunar meteorites. There can be seen a reasonable agreement between the PGA and INAA data for Mg and Na, implying that the selection of prompt gammaray energies and the data dandling protocol for calculating the Na contents using the 472.202 keV peak are acceptable for the quantification of Na and Mg in the ranges of 2.4 -4.3 and 34 -56 mg/g, respectively. For the lunar meteorites analyzed in this study, the contribution of B was found to greatly vary, accounting for 0 -90% of the B-Na composite peak in counts. Individual values are listed in Table 2 . These contributions were confirmed to be properly corrected. No interference of Ni could be confirmed for those samples. Therefore, it is concluded from Table 2 and Fig. 3 that PGA is usable to determine Na and Mg in such samples represented by lunar meteorites.
Analytical capability of PGA and INAA for determining Na and Mg in rock samples including meteorites
For PGA and INAA, the detection limits depend on the chemical compositions of co-existing elements. In Table 3 , the calculated detection limits of Na and Mg for PGA are given for the lunar meteorites analyzed in this study. The detection limit is defined as a value corresponding to three sigma of the background counts for the peak area. The detection limits given in Table 3 were derived from the peaks at the proposed prompt gamma-ray energies (472.202 and 2828.172 keV for Na and Mg, respectively). For Na, the background counts were calculated to be equal to half the counts of a trapezoid of B peak at 477.585 keV. Thus, the detection limit for Na for the peak at 472.202 keV depends upon the content of B. When the B content is high, peaks at 90.9920 and 3981.450 keV can be used for the determination of Na. Under the present experimental condition with thermal neutrons at JAEA, the count rates of 0.29 and 0.008 cps for 1 mg Na were obtained for these two peaks, respectively. For Mg, the count rate of the 2828.172 keV prompt gamma-ray was 0.0035 cps/mg Mg. For such samples with low Mg contents (50 mg/g or less; e.g., lunar highland samples) and/or low Na contents (3 mg/g or less; e.g., achondrites), fairly long irradiation (few hour to half a day) is needed for obtaining sufficient net counts. Table 2 for individual samples. b. Peaks at these prompt gamma-ray energies (in keV) were used for calculation. c. Peaks at these decay gamma-ray energies (in keV) were used for calculation. INAA generally gives lower detection limits for Na and Mg in rock samples. Their detection limits were also calculated for the lunar samples, and compared with those by PGA in Table 3 . Under the experimental condition taken in this study, considerably lower detection limits were obtained for both Na and Mg in INAA. For INAA of Mg, a peak at 1014.43 keV was used for calculation although its emission probability (29.1%) is lower than that (72.9%) for 843.76 keV gamma-ray, which is too close to the Mn peak at 846.81 keV. Therefore, if PGA and NAA (INAA) are compared concerning the analytical capability for determining Na and Mg in rock samples, NAA is much more advantageous over PGA as far as the analytical sensitivity is concerned.
It is well-acknowledged that PGA and NAA works complementarily in analyzing rock samples, including meteorites. Ebihara and Oura 6 proposed an analytical scheme (Fig. 4) applicable to returned samples from space by a space mission. This scheme consists of several analytical methods including nuclear analytical methods, like PGA, NAA and photon activation analysis (PAA). Among them, PGA is performed prior to other methods in order to characterize the sample in chemical compositions. Following PGA, other nondestructive and destructive analytical methods are performed, depending upon the sample size allowed for chemical analyses. If the sample size is too small, or too precious to be further applied to other analytical methods, PGA can be the only and the most suitable method for chemically characterizing the sample. INAA could be used in place of PGA for some cases, but the sample once used for INAA cannot be freely reused for other inspections. When PGA can be the only method applicable for chemical analysis, the procedure proposed in this study can be effective in determining two important elements, Na and Mg, with sufficient reliability.
Conclusions
By carefully selecting suitable prompt gamma-rays, Na and Mg concentrations of the basaltic reference sample JB-1 and the Allende carbonaceous chondrite powder sample were determined by PGA with reasonable consistency with their corresponding recommended values. Considering the analytical capability for determining most major elements in rock samples and the non-destructivity, PGA is one of the most suitable methods for characterizing bulk geochemical and cosmochemical samples in terms of their chemical compositions. Such features can be most effectively shown when the available sample amount is extremely small and destructive analysis is not to be applied, which can be assumed for returned samples from space by a spacecraft. Lunar meteorites were analyzed by PGA and INAA, and consistent values were obtained for Na and Mg between the two methods. If high-precision data of Na and Mg concentrations are required, and sufficient amounts of samples can be used, both PGA and INAA are desired to be performed, with INAA being followed by PGA, especially for such samples having very low concentrations of these elements. 
